Introduction
============

Cancer is a major health problem of global concern and afflicts a substantial portion of people all around the world.[@b1-dddt-8-719] Breast cancer is a complex and heterogeneous disease, which has become the leading diagnosed cancer in women worldwide and also one of the most frequent causes of cancer death in women, especially in western populations and industrialized countries.[@b2-dddt-8-719] So far, over 1.3 million cases of invasive breast cancer have been reported worldwide, and statistical reviews reveal a total death rate of up to 450,000 cases annually in women.[@b3-dddt-8-719]

Although the mainstay of treatment for breast cancer has been surgical removal of the tumor, treatment regimens have evolved from the use of adjuvant chemotherapeutic drugs to hormone therapy.[@b4-dddt-8-719],[@b5-dddt-8-719] Despite the marked improvement in the therapeutic armamentarium available for breast cancer in recent decades, there is still a considerable death rate among women in the USA (15% of all cancer deaths) and other parts of the world.[@b6-dddt-8-719] Among the reasons for this predicament are the emergence of drug resistance and the severe side effects of chemotherapy, which are major unresolved issues in clinical oncology. Therefore, the search continues for novel anticancer compounds with improved features.

Carcinogenesis is a multistage process in which unregulated cell proliferation as well as resistance to apoptosis are the initial key steps responsible for its progression.[@b7-dddt-8-719] Programmed cell death, commonly known as apoptosis, is one of the first-line defenses in multicellular organisms to stop tumor development. Apoptosis is characterized by distinct morphological changes, including cell shrinkage, chromatin condensation, membrane permeability, and disruption of the mitochondrial membrane.[@b8-dddt-8-719],[@b9-dddt-8-719] Organismal homeostasis depends on an intricate coordination between cell death and cell proliferation. Factors (genetic or environmental) that upset this balance could lead to cancer development and uncontrolled cell growth.[@b10-dddt-8-719]--[@b12-dddt-8-719] In recent years, drugs targeting apoptotic pathways have been explored for cancer therapy as well as chemoprevention. In fact, anticancer drugs such as camptothecin, paclitaxel, and doxorubicin exert their effect by regulating key events or molecules in apoptosis-inducing signal transduction pathways.[@b13-dddt-8-719]

Plant-derived compounds play a substantial role in modern medicine, and their therapeutic properties have been investigated intensively in the laboratory as well as in clinical trials in recent decades. This trend is spurred by increasing public awareness and research findings regarding the severe side effects of chemically synthesized drugs, which have led to the search for novel anticancer drugs derived from natural products. Boldine \[(S)-2,9-dihydroxy-1, 10-dimethoxy-aporphine; [Figure 1A](#f1-dddt-8-719){ref-type="fig"}\] is an aporphine alkaloid abundantly found in *Peumus boldus* Molina, a native tree in Chile known as the "boldo".[@b14-dddt-8-719] In general, boldine is well known for its potent antioxidant activity. However, recent studies have found that this compound also possesses antitrypanosomal,[@b15-dddt-8-719] hepatoprotective,[@b16-dddt-8-719] and anti-inflammatory properties.[@b17-dddt-8-719] Although a preliminary cytotoxic effect was reported in bladder carcinoma and glioma cancer cells,[@b18-dddt-8-719],[@b19-dddt-8-719] the anticancer mechanism of boldine has yet to be demonstrated. In the present study, we investigated the antitumor activity of boldine in breast adenocarcinoma using in vitro and in vivo models.

Materials and methods
=====================

Materials
---------

Boldine (\>98%), insulin, HEPES, and epidermal growth factor were purchased from Sigma-Aldrich (St Louis, MO, USA). Cell culture medium, fetal bovine serum, penicillin, and streptomycin were obtained from Gibco (Invitrogen, Life Technologies, Inc., Rockville, MD, USA). Z-VAD-FMK, a pan caspase inhibitor, was sourced from R&D Systems (Minneapolis, MN, USA).

Cell culture
------------

Two human breast cancer cell lines (MDA-MB-231 and MDA-MB-468) and a rat mammary tumor cell line (LA7) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). MDA-MB-231 and MDA-MB-468 cells were grown in Dulbecco's Modified Eagle's Medium (Gibco BRL, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum, and 1% penicillin and streptomycin. LA7 cells were maintained in Dulbecco's Modified Eagle's Medium supplemented with 5% fetal bovine serum, 1% penicillin and streptomycin, 4.5 g/L glucose, 0.005 mg/mL insulin, and 20 mM HEPES. Cells were cultured in tissue culture flasks (Corning, New York, NY, USA) and kept in an incubator at 37°C in a humidified atmosphere with 5% CO~2~. For experimental purposes, cells in the exponential growth phase (approximately 70%--80% confluence) were used.

MTT cell viability assay
------------------------

The cytotoxic effect of boldine was assessed using the 3-\[4,5-dimethylthiazol-2-yl\]-2,5 diphenyltetrazolium bromide (MTT) cell viability assay.[@b20-dddt-8-719] The assay was performed for different treatment time points. Briefly, 8.0×10^3^ cells were seeded in a 96-well plate and incubated overnight at 37°C in 5% CO~2~. On the following day, the cells were treated with a two-fold dilution of six concentrations of boldine, and incubated further at 37°C in 5% CO~2~ for 24 and 48 hours. The MTT solution was added at 2 mg/mL for 2 hours before addition of dimethylsulfoxide to dissolve the formazan crystals. The plates were then read in a Chameleon multitechnology microplate reader (Hidex, Turku, Finland) at 570 nm absorbance. The cell viability percentage after exposure to boldine at the indicated time points was calculated using a previously described method.[@b21-dddt-8-719] The ratio of the absorbance of treated cells to the absorbance of dimethylsulfoxide-treated control cells was determined as a percentage of cell viability. The IC~50~ value was defined as the concentration of boldine required to reduce the absorbance of treated cells to 50% of the dimethylsulfoxide-treated control cells. The experiment was carried out in triplicate.

Lactate dehydrogenase release assay
-----------------------------------

The cytotoxicity of boldine was determined by measuring the release of lactate dehydrogenase. MDA-MB-231 cells were pretreated with different concentrations of boldine for 48 hours and the supernatant of the treated and untreated cells was used to assess lactate dehydrogenase activity. First, 100 μL of lactate dehydrogenase reaction solution was added to each well, the plate was incubated at room temperature for 30 minutes, and the absorbance was then read at 490 nm using an Infinite^®^200 Pro (Tecan, Männedorf, Switzerland) microplate reader. The intensity of the red color formed in treated and untreated samples is proportional to lactate dehydrogenase activity and the number of damaged cells.

Acridine orange/propidium iodide double staining
------------------------------------------------

Cells seeded in 25 cm^2^ culture flasks (1.0×10^6^ cells/flask) were treated with dimethylsulfoxide or boldine at the IC~50~ dose and incubated at 37°C in 5% CO~2~ for different time periods (24, 48, and 72 hours). The staining solution was prepared by adding 100 μL of 1 mg/mL propidium iodide (Sigma-Aldrich Company Ltd, Gillingham, UK) and 100 μL of 1 mg/mL acridine orange (Sigma-Aldrich Company Ltd) to 10 mL of phosphate-buffered saline. The cell suspensions were mixed 1:1 with the staining solution in microtiter wells, incubated for 20 minutes, and observed under a BX51 ultraviolet-fluorescent microscope (Olympus, Tokyo, Japan).

Flow cytometry-based apoptosis and cell cycle analysis
------------------------------------------------------

Cells seeded in 25 cm^2^ culture flasks (2.0×10^5^ cells/flask) were treated with dimethylsulfoxide or boldine at the indicated dosages and incubated at 37°C in 5% CO~2~ for 24 hours. Cells were then collected and stained with Annexin V and propidium iodide as described previously.[@b21-dddt-8-719] Stained cells were analyzed using a Canto II flow cytometer (BD Biosciences, San Jose, CA, USA) to determine apoptotic or necrotic cells. For cell cycle analysis, control or boldine-treated cells were fixed and stained with propidium iodide supplemented with RNase (BD Biosciences) before analysis by flow cytometer.

Multiparameter cytotoxicity assay
---------------------------------

A Cellomics multiparameter cytotoxicity 3 kit (Thermo Fisher Scientific, Waltham, MA, USA) was used as described in detail previously.[@b22-dddt-8-719] This kit enables simultaneous measurement of mitochondrial membrane potential (MMP) change, cytochrome c release, and cell membrane permeability. Briefly, 1×10^4^ MDA-MB-231 cells per well were seeded in a 96-well plate and incubated overnight at 37°C in 5% CO~2~. Cells were treated with different concentrations of boldine or dimethylsulfoxide (negative control) for 24 hours. Next, MMP dye and cell permeability dye were added to live cells and incubated for 30 minutes at 37°C. Cells were fixed, permeabilized, and blocked with 1× blocking buffer before probing with primary cytochrome c primary antibody and secondary DyLight 649 conjugated goat antimouse immunoglobulin G for one hour each. Hoechst 33342 was added into the staining solution to stain the nucleus. Plates with stained cells were analyzed using the ArrayScan high content screening system (Thermo Fisher Scientific). The ArrayScan high content screening system is a computerized automated fluorescence imaging microscope that automatically identifies stained cells and reports the intensity and distribution of fluorescence in individual cells. In each well, 1,000 cells were analyzed. Images were acquired for each fluorescence channel, using suitable filters. Images and data regarding intensity and texture of the fluorescence within each cell, as well as the average fluorescence of the cell population within the well, were stored in a Microsoft SQL database for easy retrieval. Data were captured, extracted, and analyzed with ArrayScan II Data Acquisition and Data Viewer version 3.0 software (Thermo Fisher Scientific).

DNA preparation
---------------

For deoxyribonucleic acid (DNA) preparation, treated and untreated cells were trypsinized and pelleted in a 15 mL tube by centrifugation at 1,000 rpm for 2 minutes. DNA extraction was carried out using a DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany). In brief, 200 μL of lysis buffer (Buffer AL) was added to the cell pellet followed by 10 minutes of incubation at 56°C. The lysate was then thoroughly mixed with 200 μL of ethanol (96%--100%), transferred to a DNeasy Mini spin column, placed in a 2 mL collection tube, and centrifuged at ≥8,000 rpm for one minute. The flow-through was discarded and the spin column was washed twice using AW1 and AW2 buffers before eluting the DNA by adding elution buffer (Buffer AE), followed by centrifugation at ≥8,000 rpm for one minute.

DNA fragmentation analysis by agarose gel electrophoresis
---------------------------------------------------------

First, 30 μL samples of the extracted DNA were mixed with 3 mL of loading buffer. The samples were resolved on 1% agarose gel and visualized by ultraviolet light after standard ethidium bromide staining.

Bioluminescent assays for caspase-3/7, caspase-8, and caspase-9 activity
------------------------------------------------------------------------

A dose-dependent study of caspase-3/7, caspase-8, and caspase-9 activity was performed in triplicate using Caspase-Glo^®^ 3/7, 8, and 9 assay kits (Promega, Madison, WI, USA) on a white 96-well microplate. A total of 1×10^4^ MDA-MB-231 cells were seeded per well and incubated with different concentrations of boldine (12.5, 25, and 50 μg/mL) or 50 μg/mL boldine + 20 μM pan caspase inhibitor, Z-VAD-FMK, for 24 hours. Caspase activity was investigated according to the manufacturer's protocol. Briefly, 100 μL of caspase-Glo reagent was added and incubated at room temperature for 30 minutes. The presence of active caspases from apoptotic cells cleave the aminoluciferin-labeled synthetic tetrapeptide, thus releasing substrate for the luciferase enzyme. The caspase activity was measured using an Infinite^®^200 Pro microplate reader (Tecan, Männedorf, Switzerland).

Nuclear factor kappa B translocation
------------------------------------

Briefly, 1.0×10^4^ MDA-MB-231 cells were seeded in a 96-well plate and incubated overnight at 37°C in 5% CO~2~. The cells were pretreated with different concentrations of boldine for 3 hours and then stimulated with 1 ng/mL tumor necrosis factor alpha (TNF-α) for 30 minutes. The medium was removed and the cells were fixed and stained with nuclear factor kappa B (NF-κB) activation kit from Thermo Fisher Scientific based on the manufacturer's instructions. The plate was evaluated on an ArrayScan high content screening reader. Calculation of the cytoplasmic and nuclear NF-κB intensity ratio was carried out using Cytoplasm to Nucleus Translocation BioApplication software (Thermo Fisher Scientific). The average intensity of 200 objects (cells) per well was quantified. The ratios were then compared between TNF-α-stimulated, treated, and untreated cells.[@b22-dddt-8-719]

Human apoptosis proteome profiler array
---------------------------------------

To determine the probable pathway of apoptosis induction mediated by boldine in MDA-MB-231 cells, detection of several apoptosis-related markers was done using the Proteome Profiler Array (RayBio^®^ Human Apoptosis Antibody Array kit; RayBiotech, Inc., Norcross, GA, USA) according to the manufacturer's instructions. Briefly, cells were treated with an IC~50~ dose of boldine. Untreated cells were used as the negative control. First, 300 μg proteins from each sample were incubated with the human apoptosis array overnight. The apoptosis array data were then quantified by scanning the membrane on a Biospectrum AC ChemiHR 40 (UVP Inc., Upland, CA, USA), and analysis of the array was performed using image analysis software according to the manufacturer's instructions.

Western blotting
----------------

Western blotting was used to investigate the expression of apoptosis-related proteins, including Bax, Bcl-2, and heat shock protein (HSP)70. MDA-MB-231 cells were treated with boldine in a concentration-dependent manner for 24 hours. Untreated cells served as the negative control. The total protein content in the cells was extracted with cell lysis buffer (50 mM Tris-HCl pH 8.0, 120 mM NaCl, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride); 40 μg of protein extract was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA) using a semidry transfer unit (TE 70X, Hoefer Inc., Holliston, MA, USA) blocked with 5% nonfat milk in TBS-Tween buffer (0.12 M Tris-base, 1.5 M NaCl, 0.1% Tween 20) for one hour at room temperature, and incubated overnight at 4°C with the appropriate primary antibodies, ie, β-actin (1:5,000), Bcl2 (1:1,000), Bax (1:1,000), and HSP70 (1:1,000) purchased from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA), followed by incubation with alkaline phosphatase-conjugated goat anti-mouse and goat anti-rabbit secondary antibodies (i-DNA, Promega, Madison, USA) for 30 minutes at room temperature, and washing in Tris-buffered saline with Tween 20 for 10 minutes three times on an orbital shaker. The blots were then developed using BCIP^®^/NBT solution (Santa Cruz Biotechnology Inc.) for a period of 5--30 minutes to detect the target protein band as a precipitated dark-blue color.

Acute toxicity study
--------------------

Healthy Sprague-Dawley rats (15 males and 15 females, aged 8 weeks, weight 165--190 g) were obtained from the Animal House, Faculty of Medicine, University of Malaya, Kuala Lumpur. The rats were fed with standard rat pellets and tap water ad libitum. The acute toxicity of boldine was evaluated to determine a safe dosage. The animals were randomly assigned into three groups (five males and five females per group), labeled as: vehicle (treated with 50% ethanol/water); low dose (treated with 50 mg/kg/day of boldine dissolved in 50% ethanol/water); and high dose (treated with 100 mg/kg/day of boldine dissolved in 50% ethanol/water). Boldine and vehicle were administered intraperitoneally to the animals for 14 days. Mortality or any onset of clinical or toxicological symptoms was recorded throughout the study period. On day 15, blood was drawn from the animals for hematology and serum biochemistry investigations according to the methods recommended by Organization for Economic Cooperation and Development (OECD).

Mammary tumor implantation
--------------------------

Rat LA7 mammary adenocarcinoma cells at around 75%--85% confluence were trypsinized, washed once in Dulbecco's Modified Eagle's Medium (supplemented with 5% fetal bovine serum), spun down, and suspended in the same medium. A total of one million cells in a volume of 100 μL were injected into the mammary fat pads of 20 female Sprague-Dawley rats.

Treatment of implanted animals
------------------------------

Ten days after implantation of LA7 mammary carcinoma, the animals were randomly separated into four groups (n=5 per group): control (untreated); vehicle (treated with 50% ethanol/water); low dose (treated with 50 mg/kg/day of boldine dissolved in 50% ethanol/water); and high dose (treated with 100 mg/kg/day of boldine dissolved in 50% ethanol/water). Boldine and vehicle were administered intraperitoneally to the animals for 14 consecutive days. At the end of treatment, the rats were euthanized and the entire tumor was removed, sectioned, and fixed in 10% paraformaldehyde.

Evaluation of effect of boldine on tumor size
---------------------------------------------

The total tumor volume (mm^3^) was quantified by multiplication of the slice sections and by summing the segmented areas.

Statistical analysis
--------------------

Experimental values are presented as the mean ± standard deviation. Analysis of variance or the Student's *t*-test was performed using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA, USA). Statistical significance was defined when *P*\<0.05.

Results
=======

Boldine reduces breast cancer cell viability
--------------------------------------------

The effect of boldine on cell viability was evaluated in MDA-MB-231 and MDA-MB-468 human breast cancer cell lines using the MTT assay. A dose-dependent reduction of cell viability at 24 and 48 hours post-treatment was observed in both breast cancer cell-lines ([Figure 1B](#f1-dddt-8-719){ref-type="fig"}). At 24 hours, the IC~50~ values for MDA-MD-231 and MDA-MD-468 were 70.8±3.5 μg/mL and 75.7±4.3 μg/mL, respectively. At 48 hours, the IC~50~ values for MDA-MD-231 and MDA-MD-468 were 46.5±3.1 μg/mL and 50.8±2.7 μg/mL, respectively.

Boldine induces apoptosis in MDA-MB-231
---------------------------------------

To examine whether the cell viability reduction was due to a cytotoxic effect of boldine, we measured lactate dehydrogenase release from MDA-MB-231 cells treated with different concentrations of boldine for 48 hours. As shown in [Figure 1C](#f1-dddt-8-719){ref-type="fig"}, boldine dose-dependently increased the released lactate dehydrogenase compared with control cells, indicating cellular toxicity.

To determine whether cell death was mediated by apoptosis, acridine orange (green)/propidium iodide (red)-stained MDA-MB-231 cells were observed under a fluorescent microscope at different time points (24, 48, and 72 hours). Green, round, intact nuclear structures were visible in the control group ([Figure 2A](#f2-dddt-8-719){ref-type="fig"}). As shown in [Figure 2B and C](#f2-dddt-8-719){ref-type="fig"}, boldine induced membrane blebbing and nuclear chromatin condensation after 24 and 48 hours of treatment, indicating early apoptosis. Presence of reddish-orange colored (propidium iodide-positive) cells were detected in samples treated for 48 and 72 hours, suggesting late stage of apoptosis ([Figure 2D](#f2-dddt-8-719){ref-type="fig"}). The results demonstrated features of apoptosis induced by boldine in a time-dependent manner in MDA-MB-231 human breast adenocarcinoma cells.

To verify this further, we examined apoptosis using Annexin V and propidium iodide staining followed by flow cytometry ([Figure 3A](#f3-dddt-8-719){ref-type="fig"}). We observed an increase in the amount of early apoptotic (Annexin V-positive, propidium iodide-negative) cells from 2% in untreated cells to 5.9%, 16%, and 27% in response to higher concentration of boldine. In addition, the late-stage apoptotic (Annexin V-positive, propidium iodide-negative) cell population also showed a marked increase from 2.9% in control cells to 3.1%, 8.6%, and 13% in cells treated with the increasing dosages of boldine.

We further isolated DNA from control and boldine-treated MDA-MB-231 cells and subjected them to agarose gel electrophoresis. As shown in [Figure 3B](#f3-dddt-8-719){ref-type="fig"}, DNA laddering was detected in the samples treated with 25 and 50 μg/mL of boldine compared with control, indicating that boldine may induce apoptosis via DNA damage.

Boldine induces cell cycle arrest at G~2~/M phase
-------------------------------------------------

Next, we examined the cell cycle distribution of MDA-MB-231 cells treated with different concentrations of boldine. Cells were fixed and stained with propidium iodide, and the cell cycle distribution was determined by flow cytometry. Our results showed that treatment with boldine induced cell cycle arrest at G2/M phase ([Figure 4](#f4-dddt-8-719){ref-type="fig"}). The percentage of cell population in G2/M phase was 26.6% in control cells. Treatment with boldine induced a gradual increase of the percentages to 32.5%, 36.3%, and 39.3% in response to higher dosages of the compound, suggesting dose-dependent arrest of cells at G2/M phase.

Effect of boldine on nuclear morphology, membrane permeability, MMP, and cytochrome c release
---------------------------------------------------------------------------------------------

As the main source of cellular reactive oxygen species and adenosine triphosphate, mitochondria are the key regulators of mechanisms controlling the survival and death of cells. To examine whether boldine has any effect on mitochondrial function, we added an MMP fluorescent probe into the culture medium of the treated and untreated MDA-MB-231 cells. As shown in [Figure 5A and B](#f5-dddt-8-719){ref-type="fig"}, the control cells were strongly stained with MMP dye, whereas a dose-dependent reduction of MMP fluorescence intensity reflected destruction of MMP in the boldine-treated cells. Moreover, boldine induced a significant increase in cell membrane permeability and cytochrome c release in treated MDA-MB-231 cells ([Figure 5A and B](#f5-dddt-8-719){ref-type="fig"}).

Boldine increases caspase-3/7 and caspase-9 activity
----------------------------------------------------

Release of an apoptotic signal such as cytochrome c could activate caspases in the cytosol. To check which caspases were involved, we performed bioluminescent assays to measure caspase-3/7, caspase-8, and caspase-9 activity in MDA-MB-231 cells treated with different concentrations of boldine for 24 hours. As shown in [Figure 6](#f6-dddt-8-719){ref-type="fig"}, a significant dose-dependent increase in caspase-3/7 and caspase-9 activity was detected in boldine-treated cells, while no marked change was observed in caspase-8 activity.

Boldine inhibits TNF-α-induced NF-κB nuclear translocation
----------------------------------------------------------

NF-κB is a transcription factor that is critical for inflammatory responses and progression of cancer. Activation of NF-κB in response to inflammatory cytokines, such as TNF-α, mediates nuclear migration to enable DNA binding activity and facilitate target gene expression. In this study, we investigated the effect of boldine on TNF-α-mediated NF-κB activation in MDA-MB-231 cells. The cells were pretreated for 3 hours with boldine or curcumin (the positive control) and then stimulated for 30 minutes using 1 ng/mL TNF-α. As shown in [Figure 7A](#f7-dddt-8-719){ref-type="fig"}, curcumin 50 µM promoted accumulation of NF-κB in the cytoplasm after stimulation by TNF-α. In contrast, boldine partially blocked the translocation of NF-κB from cytoplasm to nucleus. The significant decrease in nuclear NF-κB translocation in MDA-MB-231 cells treated with 25 µg/mL and 50 µg/mL boldine confirms the inhibitory activity of boldine against nuclear translocation of NF-κB ([Figure 7B](#f7-dddt-8-719){ref-type="fig"}).

Effect of boldine on apoptotic markers
--------------------------------------

To examine which molecules or pathways are involved in boldine-induced apoptosis, we treated MDA-MB-231 cells with boldine for 24 hours. Cells were lysed and apoptotic markers were screened using protein array assays. As shown in [Figure 8](#f8-dddt-8-719){ref-type="fig"}, we observed changes in the major markers involved in the apoptosis signaling pathway, such as Bax, Bcl-2, and Bim. Moreover, HSP70, a significant chaperone involved in the apoptosis process, was also downregulated in boldine treated-cells.

Boldine upregulates Bax and suppresses expression of Bcl-2 and HSP70 proteins
-----------------------------------------------------------------------------

Although many proteins may be upregulated or downregulated during apoptosis, we noticed that the Bcl-2 family proteins (Bcl-2 and Bax) and HSP70 expression levels were significantly affected in the protein array. Next, we moved on to confirm the protein array results using Western blot analysis. Exposure of MDA-MB-231 cells to boldine increased expression of the proapoptotic protein Bax and decreased expression of the antiapoptotic Bcl-2 protein and HSP70 in a concentration-dependent manner ([Figure 9](#f9-dddt-8-719){ref-type="fig"}).

Boldine induces no significant toxicity in vivo
-----------------------------------------------

For the acute toxicity study, Sprague-Dawley rats were treated with boldine at dosages of 50 mg/kg/day and 100 mg/kg/day for 14 days. All animals survived the treatment period. No physical changes was observed in the rats' skin, fur, eyes, mucus membranes, tremors, salivation, behavior patterns, and sleep. A gradual body weight increase was observed in the male and female boldine-treated rats, but the changes were not significantly different compared with the control animals. Normal hematological findings and kidney and liver function was demonstrated in the boldine-treated group, indicating this compound did not affect major organ function in vivo ([Table 1](#t1-dddt-8-719){ref-type="table"}).

Boldine reduces tumor size in vivo
----------------------------------

To examine the antitumor activity of boldine, female Sprague-Dawley rats were inoculated with LA7 rat mammary adenocarcinoma cells. Ten days after tumor engraftment, the animals were either not treated or treated with vehicle (50% ethanol/water), boldine 50 mg/kg/day, or boldine 100 mg/kg/day. Fourteen days after treatment (24 days after implantation of tumor cells), the tumors were removed for measurement of size. Tumor volume quantification for the experimental groups presented in [Figure 10](#f10-dddt-8-719){ref-type="fig"} showed that the animals treated with boldine (50 mg/kg/day or 100 mg/kg/day) had a marked reduction in tumor volume, compared with the control and vehicle groups. However, tumor formation in rats was not significantly inhibited by the lower boldine dose (25 mg/kg/day; data not shown). On the other hand, no statistically significant difference was observed between the vehicle and control groups. These results clearly indicate the effectiveness of boldine in reducing breast cancer growth in vivo.

Discussion
==========

Breast cancer is one of the leading causes of cancer death among women worldwide. Despite the availability of chemotherapeutic regimens, patients with breast cancer undergoing chemotherapy face risks such as drug-related complications and emergence of chemoresistant tumors, which contribute to considerable morbidity and mortality. To overcome this, scientists and clinicians are turning their attention to plant-derived compounds, hoping to find more effective therapeutic agents for breast cancer.

In the present study, boldine was evaluated for its cytotoxic effect in human breast cancer cells using the MTT cell viability assay. The cytotoxic effect of boldine was also confirmed by measuring lactate dehydrogenase release from boldine-treated cells. Elevated lactate dehydrogenase release confirmed the cytotoxic effect of boldine, possibly mediated via activation of an apoptosis or necrosis pathway.[@b23-dddt-8-719] Apoptosis and necrosis can be differentiated by observation of cell morphology, whereby necrotic cells swell and apoptotic cells shrink in size. In addition, DNA from necrotic cells will form a smear whereas DNA from apoptotic cells show distinctive DNA fragments with a laddering pattern under gel electrophoresis.[@b24-dddt-8-719] In our study, we observed both cellular shrinkage and DNA fragmentation, supporting the observation that treatment with boldine leads to apoptosis rather than necrosis in MDA-MB-231 breast cancer cells.

Cell cycle check points are control mechanisms that ensure proper timing of cell division and the integrity of DNA. In the event of DNA damage, entry into mitosis is blocked by a G2/M checkpoint mechanism to allow initiation of the cell repair mechanism.[@b25-dddt-8-719] If the damage is severe or beyond repair, cells will undergo apoptosis. Using flow cytometry analysis, we showed that boldine dose-dependently induced G2/M cell cycle arrest, correlating with increased DNA damage as observed in the DNA fragmentation assay. G2/M cell cycle regulation involves multiple molecules, including ataxia telangiectasia mutated-related kinase, checkpoint kinases CHK1 and CHK2, p53, CDC25 phosphatases, and p21^waf1/cip1^ cyclin-dependent kinase inhibitor.[@b26-dddt-8-719]--[@b30-dddt-8-719] Although we demonstrated that boldine could induce cell cycle arrest and apoptosis, the effect of boldine on these G2/M check point regulatory proteins and the precise cell cycle arrest mechanism involved remains to be elucidated.

The intrinsic or mitochondrial-dependent signaling pathway involves different factors of non-receptor-mediated stimuli that induce intracellular signals. Collapse of MMP indicates depolarization of the mitochondrial membrane, causing translocation of cytochrome c from the mitochondrial matrix to the cytosol. Release of cytochrome c then triggers activation of downstream caspase molecules, leading to apoptotic cell death. Binding of cytochrome c to apoptotic activating factor-1, caspase-9 is activated via apoptosome formation can lead to activation of caspase-3/7, the most effective caspase, with many cellular targets such as poly-ADP ribose polymerase, ICAD/DFF45 (inhibitor of caspase-activated DNase).[@b31-dddt-8-719]--[@b33-dddt-8-719] On the other hand, the extrinsic apoptotic pathway is mediated by death receptors. For example, FAS ligand interacts with the FAS receptor, leading to activation of caspase-8 and downstream executioner caspases.[@b34-dddt-8-719]--[@b36-dddt-8-719] In this study, we observed that treatment with boldine resulted in significant elevation of caspase-9 activity compared with the control. Meanwhile, there was no activation of caspase-8, suggesting that induction of apoptosis by boldine in MDA-MB-231 cells is mediated via the intrinsic mitochondrial caspase-9 pathway.[@b37-dddt-8-719]--[@b39-dddt-8-719]

The release of cytochrome c is strictly regulated by the Bcl-2 family proteins. The proapoptotic Bcl-2 family protein, Bax, disrupts the MMP and causes release of cytochrome c. Meanwhile, antiapoptotic Bcl-2 family members, ie, Bcl-2 and Bcl-xl, keep Bax in its inactive form.[@b40-dddt-8-719],[@b41-dddt-8-719] In our study, treatment with boldine dose-dependently downregulated the expression of Bcl-2 and simultaneously enhanced the expression of Bax. The downregulation of Bcl-2 could be attributed to blockage of NF-κB activation, because another study showed that inhibition of NF-κB downregulated Bcl-2 expression in chronic lymphocytic leukemia.[@b42-dddt-8-719] Another antiapoptotic protein, HSP70, is highly expressed in breast cancer cells. HSP70 induces resistance against apoptosis, thus enhances the survival of cancer cells.[@b43-dddt-8-719],[@b44-dddt-8-719] We showed that boldine suppressed HSP70 in a dose-dependent manner, which further supports its apoptosis-inducing properties.

Next, we tested the acute toxicity of boldine in Sprague-Dawley rats, where no signs of toxicity and mortality were observed over a period of 14 days, indicating the safety of boldine. Neither hepatic toxicity nor renal toxicity was detected in the biochemistry-based function tests. We also evaluated the effect of boldine on tumor growth in Sprague-Dawley rats implanted with LA7 breast adenocarcinoma for a duration of 14 days. The boldine-treated groups (50 mg/kg/day and 100 mg/kg/day) showed significant tumor size reduction compared with the control and vehicle groups, indicating the potential chemotherapeutic value of boldine in vivo. Of note, boldine has been used to treat minor biliary dysfunction and as an adjuvant in constipation. The daily oral dose of boldine in humans is around 10--50 mg/day or 2--5 g of the drug as a tea infusion.[@b45-dddt-8-719] Future clinical studies regarding the tolerated dose and pharmacokinetics are needed in humans in order to develop boldine further as an anticancer agent.

In conclusion, this study demonstrates the cytotoxic effect of boldine and its potent therapeutic effect in breast cancer using in vitro and in vivo models. Further investigations of this compound may pave the way for development of boldine as a potential anticancer agent.
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![Structure of boldine and its effect on breast cancer cell viability. (**A**) Chemical structure of boldine. (**B**) Growth curve of boldine-treated MDA-MB-231 and MDA-MB-468 cells at 24 and 48 hours. (**C**) LDH release assay revealed significant cytotoxicity of boldine on MDA-MB-231 cells.\
**Abbreviation:** LDH, lactate dehydrogenase.](dddt-8-719Fig1){#f1-dddt-8-719}

![Boldine induces apoptosis in MDA-MB-231 cancer cells. (**A**) Untreated MDA-MB-231 cells demonstrated normal cellular structure. Early apoptosis features, including membrane blebbing and chromatin condensation, were observed after (**B**) 24 and (**C**) 48 hours of treatment with boldine. (**D**) Late apoptosis and necrosis were noticed after 72 hours of treatment with boldine (magnification, 200×).](dddt-8-719Fig2){#f2-dddt-8-719}

![Flow cytometry and DNA ladder analysis of boldine-treated MDA-MB-231 cancer cells. (**A**) Apoptosis assay by flow cytometry analysis. MDA-MB-231 cells treated with different concentrations of boldine were collected and stained with Annexin V and propidium iodide followed by flow cytometry analysis. Numbers shown are percentages of cells in each quadrant. (**B**) Electrophoresis separation of isolated total DNA from control and boldine-treated MDA-MB-231 cells after 24 hours.\
**Abbreviation:** DNA, deoxyribonucleic acid; 100 bp, DNA ladder marker; −ve ctrl, negative control.](dddt-8-719Fig3){#f3-dddt-8-719}

![Boldine induces cell cycle arrest at G2/M stage. After incubation with dimethylsulfoxide or boldine for 24 hours, MDA-MB-231 cells were fixed and stained with propidium iodide, followed by flow cytometry analysis to determine cell cycle distribution. Percentages of cells at G1, S, and G2/M are as indicated.](dddt-8-719Fig4){#f4-dddt-8-719}

![Effect of boldine on cytochrome c, membrane permeability, and MMP. (**A**) Representative images of boldine-treated and untreated MDA-MB-231 cells, stained with Hoechst 33342 for nuclear, cytochrome c, membrane permeability, MMP dyes. Boldine induced a noteworthy elevation in membrane permeability, cytochrome c release, and marked reduction in MMP (magnification, 200×). (**B**) Representative bar charts indicating mean fluorescence intensities of cell permeability, MMP, and cytochrome c release in control and boldine-treated MDA-MB-231 cells. \**P*\<0.05 by Student's *t*-test.\
**Abbreviation:** MMP, mitochondrial membrane potential.](dddt-8-719Fig5){#f5-dddt-8-719}

![Boldine activates intrinsic caspase-3/7 and caspase-9 activity. Relative luminescence expression of caspase-3/7, caspase-8, and caspase-9 in MDA-MB-231 cells treated with various concentrations of boldine (12.5, 25, 50 μg/mL) or 50 μg/mL boldine with 20 μM Z-VAD-FMK, a pan caspase inhibitor. \**P*\<0.05 by Student's *t*-test.](dddt-8-719Fig6){#f6-dddt-8-719}

![Boldine inhibits TNF-α-induced NF-κB nuclear translocation. (**A**) Photographs of intracellular targets of stained MDA-MB-231 cells, treated with boldine or curcumin (positive control) for 3 hours and then stimulated for 30 minutes with 1 ng/mL TNF-α (NF-κB activation). (**B**) Representative bar chart indicating that treatment with boldine partially blocked NF-κB translocation from the cytoplasm to the nucleus in TNF-α-stimulated MDA-MB-231 cells. Data were evaluated with the Student's *t*-test (\**P*\<0.05).\
**Abbreviations:** NF-κB, nuclear factor kappa B; TNF-α, tumor necrosis factor alpha.](dddt-8-719Fig7){#f7-dddt-8-719}

![Effect of boldine on expression of apoptosis-related molecules. Human apoptosis proteome profiler array in MDA-MB-231 cells treated with boldine at an IC~50~ dose for 24 hours. Graph shows the fold change difference between treated and untreated control cells. The results are represented as the mean ± standard deviation of three independent experiments.](dddt-8-719Fig8){#f8-dddt-8-719}

![Western blot analysis of boldine-treated MDA-MB-231 cells. Cells were treated with boldine for 24 hours before being lysed and subjected to separation by sodium dodecyl sulfate polyacrylamide gel electrophoresis. Proteins were then transferred to membrane and probed with antibodies against Bax, Bcl-2, and heat shock protein 70. The membrane was reprobed with anti-β-actin antibody as the loading control. The band densities of the boldine-treated samples were normalized to the control. Data are shown as the mean ± standard deviation (n=3). Data were analyzed by the Student's *t*-test (\**P*\<0.05).](dddt-8-719Fig9){#f9-dddt-8-719}

![Boldine suppresses tumor formation in vivo. Tumor size quantification of implanted mammary carcinoma LA7. The values are shown as the mean ± standard deviation (control group, five animals; vehicle group, five animals; boldine-treated group (50 mg/kg/day), five animals; boldine-treated group (100 mg/kg/day), five animals). The data were analyzed by Student's *t*-test (\**P*\<0.05).](dddt-8-719Fig10){#f10-dddt-8-719}

###### 

Acute toxicity test for boldine in Sprague-Dawley rats. Effects of boldine on (**A**) kidney function, (**B**) liver function, and (**C**) hematological parameters in rats. Boldine and vehicle were administered intraperitoneally to the animals for 14 days. Mortality or any onset of clinical or toxicological symptoms was recorded during the study period. On day 15, blood was drawn from these animals to determine the hematological and serum biochemical parameters according to the OECD.

  A                                                                                             
  --------------- ------------- ----------- ------------- ------------ ------------ ----------- -------------
  Control         139.74±2.07   5.37±0.37   101.45±2.11   22.59±0.18   18.97±0.28   5.17±0.13   45.37±2.01
  50 mg/kg/day    140.92±1.68   5.16±0.52   101.18±1.35   23.01±0.37   20.28±0.41   5.02±0.29   42.61 ±1.29
  100 mg/kg/day   137.58±2.21   5.24±0.19   99.76± 1.61   20.14±0.25   19.82±0.17   4.93±0.34   41.59± 1.72

  B                                                                                                                               
  --------------- ------------- ------------ ------------ -------------- ----------- -------------- -------------- -------------- -----------
  Control         72.15± 1.28   12.62±0.24   58.42±1.04   2.21±0.130.9   0.94±0.23   136.12±3.18    52.71 ± 1.63   156.34±3.78    4.82±0.18
  50 mg/kg/day    71.38±1.54    12.17±0.32   57.91±0.83   2.09±0.08      0.87±0.17   137.25±1.54    52.49±2.44     154.91 ±3.24   4.26±0.25
  100 mg/kg/day   70.46± 1.03   12.35±0.18   59.13±1.17   1.98±0.11      0.91±0.14   136.01 ±2.78   53.27±2.06     155.48±1.96    4.73±0.22

  C                                                                                                                            
  --------------- -------------- ------------ ------------ ------------- ------------- ------------- ------------ ------------ --------------
  Control         157.24±3.14    0.64±0.01    8.73±0.35    64.71 ±1.89   18.23±0.37    307.56±4.81   17.43±0.94   8.61 ±1.14   862.94±27.45
  50 mg/kg/day    155.61 ±2.75   0.61 ±0.02   8.89±0.26    65.19±1.42    17.95±0.84    329.34±5.12   18.79±1.03   9.16±0.96    881.35±34.92
  100 mg/kg/day   154.94±2.88    0.63±0.01    9.01 ±0.31   65.82± 1.57   18.41 ±0.62   319.67±3.86   19.11±0.82   8.93± 1.05   913.58±29.65

**Notes:** (**A**) Values are expressed as the mean ± standard deviation. There are no significant differences between groups. (**B**) Values expressed as the mean ± standard deviation. There are no significant differences between groups. (**C**) Values are expressed as the mean ± standard deviation. There are no significant differences between groups.

**Abbreviations:** GGT, gamma glutamyl transferase; HGB, hemoglobin; HCT, hematocrit; RBC, red cell count; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; WBC, white blood cells; OECD, Organization for Economic Cooperation and Development.
